Abstract: China's dryland region has serious wind erosion problem and is sensitive to climate change due to its fragile ecological condition. Wind erosion climatic erosivity is a measure of climatic factors influencing wind erosion, therefore, evaluation of its intensity and response to recent climate changes can contribute to the understanding of climate change effect on wind erosion risk. Using the FAO equation, GIS and statistical analysis tools, this study quantified the climatic erosivity, analyzed its spatiotemporal variations, and detected the trend and sensitivity to climate factors during 1961-2012. The results indicate that mean annual climatic erosivity was 2-166 at 292 stations and 237-471 at 6 stations, with the spatial distribution highly in accordance with wind speed (R 2 = 0.94). The climatic erosivity varied greatly over time with the annual variation (CV) of 14.7%-108.9% and monthly variation (concentration degree) of 0.10-0.71 in the region. Meanwhile, annual erosivity showed a significant downward trend at an annual decreasing rate mostly above 1.0%. This significantly decreasing trend was mainly attributed to the obvious decline of wind speed during the period. The results suggest that the recent climate changes were highly possible to induce a decrease of wind erosion risk in China's dryland region.
Introduction
Wind erosion is a major environmental problem in dryland areas, which causes land degradation (Funk et al., 2004; Lal, 1993) and affects regional development (Yang et al., 2005) . In China, about one-third of the territory, which is distributed in the dryland region, is suffering from serious land desertification (Ci and Wu, 1997) . As a part of the global drylands that are more sensitive to climate changes (Feng and Fu, 2013; Huang et al., 2012 ), China's dryland region showed various changes in temperature, precipitation, wind speed and other climatic factors during the past decades (Fan et al., 2012; Ge et al., 2013; Meng et al., 2013; Wang et al., 2006; Zhao, 2013) . These changes are expected to influence the wind erosion risk, as climatic elements are somewhat decisive factors of wind erosion, especially in dry, sparsely vegetated soils and typically dry regions (Pouyan et al., 2011) . In particular, wind speed and precipitation play a more determinant role, which have been recognized as the main determinants of wind erosion climatic erosivity in the arid and semi-arid areas of China (Dong and Kang, 1994; Shen et al., 2006; Yang et al., 2012) .
To detect the effect of climate changes on wind erosion needs a model to build linkages with climatic factors. Several such models are available, among which the WEQ developed by Woodruff and Siddoway (1965) and later revised version of RWEQ (Fryrear et al., 1998; Hagen, 1996) are well-known and widely used. These models need detailed inputs of climate, soil, land cover and land management data, and are normally applied at field or small regional scale, whereas generally not suitable for large regional analysis of wind erosion due to limitation of data availability. Instead, climatic factor C, as often called index of wind erosion climatic erosivity, could be an optional choice to measure the climatic tendency to produce conditions conducive to wind erosion (Skidmore, 1986) . Several algorithms have been developed for the C-factor, of which the FAO equation (FAO, 1979) , a revised version of Chepil (1962) model, is often used because of its simplicity to obtain a reliable estimation compared to physically based complicated models (Skidmore, 1986) . This equation is formulated as a function of average wind speed and soil moisture, on the basis that the rate of particle movement is proportional to the cube of average wind speed (Bagnold, 1943) and that soil erodibility varies inversely with the square of water content in the upper few millimeters of soil (Skidmore, 1986) . In the Chepil model, the Thornthwaite's index, PE (Thornthwaite, 1931) , i.e., the ratio of monthly precipitation to evaporation (Chepil, 1962 ) is used to indicate the soil water content. As the PE index approaches zero when precipitation approaches zero, as in arid regions, the C-factor approaches infinity (Woodruff and Armbrust, 1968) . FAO (1979) solved this problem by replacing the PE index with the ratio of moisture deficit (potential evaporation minus rainfall) to potential evaporation. By this revision, the C-factor depends only on wind velocity when rainfall amount approaches zero, while it is zero when rainfall amount is equal to the potential evaporation.
The aim of this study is to detect the effect of recent changes in climate characteristics on wind erosion risk in China's dryland region, using the C-factor as an indicator. With this aim, the annual C-factor was firstly estimated using the FAO equation from daily/monthly meteorological data during 1961-2012, and the spatiotemporal variation was then analyzed using statistical, spatial interpolation and GIS technologies. Further, long-term changing trend and amplitude in the annual C-factor values were detected using the Mann-Kendall and Sen's slope estimator to reveal its responses to climate changes, and finally main factors affecting the climatic erosivity were identified by sensitivity analysis.
Data and methods

Study area
The China's dryland region, located between 69.4°-128.0°E and 27.2°-51.1°N, has an area of 5.58 million km 2 , covering the Tibetan Plateau, the Loess Plateau and the Inner Mongolia Plateau, and the Taklimakan Desert, the Gurbantunggut Desert, and the Badain Jaran Desert, with 12 provincial administrative units involved (Figure 1 ) (Yang and Lu, 2015) . The region has an annual mean temperature of -3.7-13.6°C and precipitation of 33-623 mm. Due to monsoon influence, the annual precipitation has a proportion of 61.8% -76.1% falling in the rainy season of June to September, and increases from west to east with a decrease in the distance to the sea. Based on humidity index (K), the ratio of annual precipitation to potential evapotranspiration, the region was divided into arid, semi-arid and sub-humid zones (Figure 1 ). The arid zone including the hyper-arid (K < 0.2) has an annual precipitation generally less than 200 mm, covering the major part of Xinjiang, northern Tibetan Plateau and western Inner Mongolia Plateau. The semi-arid zone (0.2≤K<0.5) has an annual precipitation normally between 200 and 450 mm, including southeastern Tibetan Plateau, northern Loess Plateau, eastern Inner Mongolia, and northern Xinjiang. The sub-humid zone (K≥0.5) is located in the eastern and southeastern part with an annual precipitation mostly above 450 mm. 
Data sources
Daily weather data including precipitation, maximum and minimum temperature, sunshine duration, wind speed, and relative humidity were collected from the National Meteorological Information Centre of China (http://cdc.cma.gov.cn) for the study period of 1961-2012 at 298 meteorological stations in the study area, of which 237 stations have complete records for 52 years, 8 for 50-51 years, 12 for 40-48 years, and 12 for 30-39 years. The remaining 29 stations have a short observation span of 20-28 years (24 stations), 10-14 years (4 stations) and 7 years (1 station), which are mainly located in the arid northwestern part and the Tibetan Plateau where meteorological stations are sparsely distributed. The data records were checked for their homogeneity using the Standard Normal Homogeneity Test (Alexandersson, 1986) , as done in the previous study of the authors (Yang and Lu, 2015) , which selected the annual precipitation as an indicator to have examined the consistence of data records by comparing the yearly values with four highly correlated reference series from the surrounding stations. At 290 stations including 237 stations that have similar observation span of 50-52 years, the data records have passed the homogeneity test. In this study, the temporal variation and trend analysis of annual erosivity were based on data at the 237 stations, while the mean annual climatic erosivity and its spatial variation were based on data at all the 298 stations.
Method for climatic erosivity estimation
Wind erosion climatic erosivity, as indicated by the climatic factor C, was calculated with the FAO equation (FAO, 1979) :
where u is the mean monthly wind speed at 2 m height (m/s), P is the monthly precipitation (mm) and d is the total number of days in month i. ETP is the monthly potential evapotranspiration (mm), as a summation of daily value calculated with Penman-Monteith equation (Allen et al., 1998) 
Evaluation of spatiotemporal variation of climatic erosivity
Two indices were applied to evaluate the temporal variation of C-factor value at the 237 stations, including coefficient of variation (CV) and concentration degree (CCD). The CV was used to indicate the relative annual variation rate, and expressed in percent of the standard deviation of the annual C-factor value to the average of observation period. The CCD index was applied to measure monthly variation of the C-factor value and computed with Eq. (2), which has a value of 0-1 (Zhang and Qian, 2003; Zheng and Liu, 2003) . The higher the index is, the bigger the monthly variation of erosivity. When the index approaches zero, the annual erosivity is uniformly distributed in each month, and when it equals 1, the erosivity is concentrated in one month. 
where R i is the annual C-factor value in the year i, r ij is the C-factor value in month j of the year i, and θ j is the direction angle of monthly erosivity vector in month j, equaling (j -1)  30°, i.e., for January (j = 1), θ 1 = 0°, and for December (j = 12), θ 12 = 330° , according to Zhang and Qian (2003) . The spatial distribution of CV and CCD was interpolated and mapped with the Inverse Distance Weighted (IDW) method using the point value at the 237 sites. Considering that stations are very sparse, the mean annual erosivity was interpolated using the mean value at the 298 sites, which was obtained by averaging annual values of observation years without considering difference in the duration. The regional average of mean annual erosivity was obtained by averaging the grid value using the Geostatistical Analyst tools in ArcGIS.
Estimation of trend and change rate in annual climatic erosivity
The trend and change rate (the trend amplitude) of annual C-factor values were evaluated for each of the 237 stations, using two widely used nonparametric test methods, the Mann-Kendall test (Kendall, 1975; Mann, 1945) and the Sen's slope estimator (Gilbert 1987; Sen, 1968) . The evaluation was performed using MAKESENS, a combined Excel template application of the two methods, as developed by Salmi et al. (2002) . With the MAKESENS, the normal approximation Z test value and slope value Q of the annual C-factor were calculated for each station. The Z test value was used in the Mann-Kendall to determine whether the annual C-factor values have an upward (positive) or downward (negative) trend at a specific significance level. At σ level of significance, a null hypothesis is rejected if the absolute Z value is greater than Z 1-σ/2 , where Z 1-σ/2 is obtained from the standard normal cumulative distribution tables (Salmi et al., 2002) . The Q value, i.e., the Sen's slope as a change in measurement per change in time, indicates the trend amplitude per year in annual C-factor value. In this study, the change rate was presented as percent of the annual mean C-factor value of observation period. The trend and change rate for climatic factors of wind speed, precipitation, temperature and sunshine duration were evaluated with the same methods.
Sensitivity analysis
Wind erosion climatic erosivity is representative of the integrated effect of climatic factors, such as wind speed, precipitation and temperature. Therefore, any change of climatic factors could lead to a corresponding change of climatic erosivity (Goyal, 2004) . For a specific climate factor, the contribution to the C-factor value can be quantified by calculating the sensitivity coefficient under condition that other parameters are fixed. The sensitivity coefficient of the C-factor value to climatic variable x, S x , was calculated with first-order Taylor series approximation (McCuen, 1974 ):
where ΔC is the relative change rate (%) of the C-factor value, induced by the relative change (%) in climatic factor x, Δx. A positive or negative S value indicates that the behavior of C is consistent with or contrary to the behavior of input factors (Gong et al., 2006; Yin et al., 2010) . In this study, the sensitivity coefficient was calculated for each climatic factor by assuming a change of ±20% and ±10% in the value, respectively.
Results
Spatial distribution of annual climatic erosivity
Mean annual C-factor value during 1961-2012 was between 2 and 166 at 292 stations and 229-471 at 6 stations, showing an obvious spatial variation (Figure 2 ). At 135 stations mainly distributed in the southern part and southwestern Xinjiang, which cover 30.2% of the region, the climatic erosivity was very weak with the C-factor value generally less than 20. At 67 stations, which are concentrated in the north-central part and around the middle of the northern Tibetan Plateau, and represent 31.4% of the region, the climatic erosivity was strong with the C-factor value exceeding 50. The remaining 96 stations or 38.4% of the region showed a moderate climatic erosivity with the C-factor value mostly between 20 and 50. The weighted regional average annual C-factor value was 39.4 for the whole region, and 56.2, 48.1 and 24.6 for the arid, semi-arid and sub-humid zone, respectively, decreased with an increase in humidity. Of the three plateaus, the Inner Mongolia Plateau, a region being suffered from serious wind erosion and desertification problem, showed a significantly higher value (mostly exceeding 50), while the Loess Plateau that is well acknowledged by its serious water erosion, exhibited a lower value (mostly below 40). In the Tibetan Plateau, the C-factor value was mostly between 40 and 70, with the regional average of about 50, showing a moderate risk of wind erosion. In southern Xinjiang where the Taklamakan Desert is located, the climatic erosivity was very weak (mostly less than 20) due to low wind speed, although it has an extremely dry climate with an annual precipitation generally below 50 mm. As for different vegetation types, we estimated the mean C-factor value, based on the vegetation map of China (http://www. geodata.cn) using the spatial analysis tools in ArcGIS. It was found that desert, steppe and bare-land types showed a higher climatic erosivity, with the mean C-factor value of 53.9, 46.0, and 40.3, respectively. The cropland, alpine meadow, and forest-shrub types showed a lower value of 33.8, 33.8 and 26.4, respectively.
Annual and monthly variation of climatic erosivity
Relative variation (CV) of the annual C-factor values varied from 13.7% to 108.9%, differed greatly over the region. In Xinjiang, southwestern Qinghai, and northeastern part of the region, annual climatic erosivity varied more apparently with the CV mostly exceeding 40% (Figure 3 ). While in southern Tibet, western Inner Mongolia, eastern Qinghai, and southern Loess Plateau, the CV was much lower, mostly less than 30%.
Monthly variation of climatic erosivity was obvious and differed markedly over spatial, as observed from the monthly distribution of the C-factor value at three selected stations in Figure 4 , which indicates a much different pattern of monthly variation among the three climatic zones. In the arid zone, climatic erosivity was strong in November to April and weak in summer months (Figure 4b ), in the semi-arid zone, erosivity was strong in spring and and week in summer (Figure 4c) , and in the sub-humid zone, erosivity was significantly lower in autumn than the other seasons (Figure 4d ). This spatial variation was further demonstrated in Figure 5 with the CCD index of annual climatic erosivity. It can be seen that monthly erosivity variation was relatively low in the north central, but much higher in southern Tibetan Plateau and northern Xinjiang, and was largely between 0.35 and 0.45 in the remaining areas. This spatial distribution was generally in an opposite trend compared to that of annual erosivity (Figure 2 ), i.e., the lower CCD or lower monthly variation was generally associated with higher climatic erosivity. nificant downward trend at the 0.05 significance level, and at 29 stations or in 4.9% of the region, a non-significant decline trend. At 24 stations, mainly distributed in the southern Loess Plateau, it showed a significantly (11 stations) and non-significantly (13 stations) increasing trend. For the whole region, the regional mean erosivity showed a significant downward trend (Z = -6.79), and demonstrated a positive departure from the mean value during the period before the middle 1980s, while a negative departure after then (Figure 6 ). The yearly change rate of annual C-factor value during 1961-2012 ranged from -3.82% to 1.78%, with the majority ranging between -2.3% and -1.0% (Figure 7) , showing a quick decreasing trend in erosivity. In the western and northeastern parts of the region, the climatic erosivity decreased at an annual rate mostly above 1.7%, significantly higher than that in the middle part, particularly in the Loess Plateau where the change rate was obviously lower (Figure 7 ). For the entire region, the mean erosivity at all stations decreased by 1.39% per year, which was much higher than 0.53% in the arid zone, but lower than 1.87% in the semi-arid zone and 1.89% in the sub-humid zone.
Changing trend and amplitude in climatic erosivity
Taking the middle of the study period as a breakpoint, we computed the average annual C-factor value for the two periods of 1961-1986 and 1987-2012 , respectively. The results indicate that the second 26-year's average for the whole region was 30.9, decreased distinctly by 35% compared to the average of 47.9 during the first 26 years. For major vegetation types, the erosivity of the steppe areas decreased most significantly by 51.6%, from 66.4 during the first 26 years to 32.1 during the second, followed by the cropland (41.6%), alpine meadow (39.3%), forest-shrub (38.5%), and desert (25.2%) areas. This decrease in climatic erosivity illustrates that recent climate changes of the past 50 years could reduce the wind erosion risk in the region, particularly in the steppe vegetation areas where wind erosion is more severe than other areas.
Sensitivity of erosivity to climatic factors
We calculated the sensitivity coefficient of C-factor value to the major climate factors for each of the 237 stations, with the regional average results for the whole region and the three climate zones presented in Table 2 . It can be seen that climatic erosivity was positively proportional to wind speed (WS), daily maximum (T max ) and minimum (T min ) temperature, and sunshine duration (SD), but was inversely proportional to relative humidity (RH) and precipitation (P). At site level, wind speed was the most sensitive variable and the sensitivity coefficient was 3.03-3.35 for all stations, meaning that a change of one percent in wind speed could lead to a change of more than three percent in the C-factor. Precipitation and relative humidity were the next sensitive variables and the sensitivity coefficient at site level was between -1.46 and -0.01. The C-factor value was not sensitive to temperature and sunshine duration. For the regional mean erosivity, the sensitivity coefficient to wind speed was 3.06-3.12, and to other factors, it was between -0.35 and 0.15 (Table 2 ). These results imply that the climate factors except wind speed had a very weak influence on the climatic erosivity. For monthly erosivity, the sensitivity coefficient from July to October was much higher than that in other months, particularly the sensitivity to precipitation and relative humidity (Figure 8 ). During 1961-2012, the regional mean wind speed was decreased by 24.4%, relative humidity by 2.9%, precipitation by 2.2% and sunshine duration by 6.3%, while the maximum and minimum temperature was increased by 8.7% and 85.7%, respectively. These changes comprehensively resulted in a reduction of 52.0% in the regional mean climatic erosivity. An analysis revealed that change in wind speed and sunshine duration reduced the erosivity by 58.2% and 0.3%, while change in the relative humidity, precipitation, and maximum and minimum temperature increased the erosivity by 0.5%, 0.6%, 0.8% and 4.6%, respectively. Therefore, the reduction of climatic erosivity was mainly caused by the decline in wind speed.
Discussion
The mean annual erosivity ranged 2-471 and mostly between 2 and 166 over the region. An earlier study for the arid and semi-arid zones of China using data of indicates that the climatic erosivity was mostly between 10 and 100 (Dong and Kang, 1994) . Two previous studies evaluated climatic erosivity for western Inner Mongolia during 1963 (Wang et al., 2005 and for the Tarim Basin during 1961 -2007 , indicating a regional mean value of 154.5 and 17.5, respectively. In the three studies, the climatic erosivity was estimated all using the FAO equation, but the potential evapotranspiration (ETP) was computed using a simple method based on two factors of monthly mean temperature and relative humidity, as proposed by Cheng (1980) . For comparison, we calculated climatic erosivity for all stations in the region using this simple ETP equation, finding that the estimated values were averagely 11% higher than the erosivity as presented in this study. This implied that the climatic erosivity was rather sensitive to the ETP value. As the Penman-Monteith equation is widely accepted for accurate estimation of EPT, it is suggested that estimation of climatic erosivity with FAO model should be better based on this equation.
Figure 8
Monthly distribution of sensitivity coefficients of the regional mean annual C-factor value to major climate factors Wind speed was recognized as the determinant contributor to climatic erosivity, and other climate factors such as temperature and precipitation had minor influences in the region. A linear regression analysis indicates that mean annual erosivity at site level was significantly related to mean annual wind speed (R 2 = 0.94), implying that the spatial distribution of erosivity was highly in accordance with that of wind speed. These findings are consistence with the results of previous studies (Dong and Kang, 1994; Wang et al., 2005) .
Climatic erosivity was distinctively declined in the region's majority during 1961-2012, and in total, it was decreased by 52% for the regional average during the period. This decrease was mainly caused by decline of wind speed, as indicated in Section 3.4. During the past 50 years, wind speed in the region showed a significant decline, with the regional average of annual wind speed decreased by 24.4%. Similar wind decline trend during the past decades has been observed in many parts of the world, such as northeastern and central China (Ren et al., 2005; Vautard et al., 2010; Wang et al., 2004) , North America (Pryor et al., 2009; Tuller, 2004) , European countries (Brazdil et al., 2009; Dadaser-Celik and Cengiz, 2014; McVicar et al., 2010) , and Australia (McVicar et al., 2008) . Over almost all continental areas in the northern mid-latitudes, surface wind speeds have been observed a decline of 5%-15% during 1979-2008 and strong winds have slowed faster than weak winds (Vautard et al., 2010) . The causes of wind decrease were recognized to include weakness of continental cold high pressure (Klink, 2007; You et al., 2010) , decrease in pressure gradient (Tuller, 2004) , and changes in surface roughness by e.g., vegetation increases and other human activities (Vautard et al., 2010) . For our study area, vegetation restoration by the ecological restoration during recent 15 years may have a contribution to the wind decrease, particularly in the hilly Loess Plateau (Li and Lu, 2015) .
The results of this study provide a preliminary perspective on the effect of recent climate changes on wind erosion risk in China's drylands region. Due to wind speed decline, the climatic erosivity showed an obvious decreasing trend in the region, implying that the wind erosion intensity could be possibly reduced during the past 50 years. As the analyses in this study were based on only one simple index of the C-factor, not considering land surface conditions of soil, vegetation, relief and management practices, it should be deemed as a preliminary estimation of possible effects of changes in climate characteristics on wind erosion risk during the past half century. Further studies at small regional scales are needed by incorporating all factors influencing wind erosion.
Conclusions
This study presents spatiotemporal variations and trend of wind erosion climatic erosivity in China's dryland region, with the main conclusions summarized below:
(1) Mean annual climatic erosivity was 2-471 (mostly 2-166) in China's dryland region. The spatial distribution of erosivity was highly in accordance with spatial changes in wind speed, and showed a decreasing trend with an increase in humidity from arid to semi-arid and to sub-humid zone. Climatic erosivity was significantly higher in northwestern Inner Mongolia Plateau, while it was lower in the southern zone of the region and the desert area in southern Xinjiang.
(2) Annual variation rate (CV) of climatic erosivity during 1961-2012 was 13.7%-108.9%, and monthly variation as indicated by the index of concentration degree was between 0.10 and 0.71 over the region. Both variation coefficients showed an opposite spatial changing trend compared to that of annual climatic erosivity. (3) More than 90% of the region showed a significantly decreasing trend in annual climatic erosivity during 1961-2012, with a small area mainly distributed in the southwestern Loess Plateau showing an increasing trend. For the entire region, the mean annual erosivity declined significantly by 1.39% per year, and for the arid, semi-arid and sub-humid zone, it decreased by 0.53%, 1.87% and 1.89% per year, respectively.
(4) Wind speed was the most sensitive and determinant factor of climatic erosivity, while precipitation, relative humidity and temperature had a minor influence. It is found that the regional mean wind speed was decreased by 24.4% during 1961-2012, reduced the erosivity by 58.2%. Changes in temperature (rising), and precipitation and humidity (decreasing) increased the erosivity by 1.1% and 5.1%, respectively. The combined effect of changes in those factors was rather close to the total reduction of 52.0% in the region's mean erosivity during the period.
(5) This study provides a preliminary estimation of recent climate changes on wind erosion risk in China's drylands region, indicating an obvious decrease in the wind erosion climatic erosivity, and thus a reduction in wind erosion risk. Further studies are needed at site or small regional level by considering all factors influencing wind erosion.
